Abstract. Using Airborne Visible Infrared -Imaging Spectrometer (AVIRIS) data as an example, we show in this study that the properties of the water column and bottom of a large, shallow area can be adequately retrieved using a model-driven optimization technique. The simtfltaneously derived properties include bottom depth, bottom albedo, and water absorption and backscattering coefficients, which in turn cotfid be used to derive concentrations of chlorophyll, dissolved organic matter, and suspended sediments in the water column. The derived bottom depths were compared with a bathymetry chart and a boat survey and were found to agree very well. Also, the derived bottom albedo image shows clear spatial patterns, with end-members consistent with sand and seagrass. The image of absorption and backscattering coefficients indicates that the water is q •uite horizontally mixed. Without bottom corrections, chlorophyll a retrievals were -50 mg nf 3, while the retrievals after bottom corrections were tenfold less, approximating real values. These restfits suggest that the model and approach used work very well for the retrieval of subsurface properties of shallow-water environtnents even for rather turbid enviromrents like Tanya BaY, Florida.
Introduction
On the basis of a recent semianalytical model for shallowwater remote sensing [Lee et al., 1998 ], Lee et al. [1999] Remote sensing by aircraft or satellite has been proven to be showed that underwater information such as bottom depth and very useful for quickly providing important environmental water column properties could be analytically and information over large areas. However, owing to research simultaneously derived from hyperspectral data using an priorities or technical limitations most such remote-sensing optimization approach. In the process, no data were used applications have been focused on open ocean and offshore except the measured remote-sensing reflectance. The retrieved waters. Nearshore waters, owing to complexities ranging from depths agreed with the true depths within 8% for a range from land ranoff to bottom reflection, have been studied less often 2 to 25 m for waters of the west Florida shelf, the Florida using satellite imagery. The presence of bottom-reflected light Keys, and the Bahamas [Lee et al., 1999] . These kinds of obviates the utility of most empirical algorithms for retrieving results provide confidence that properties of submerged coastal properties of the water column (e.g., chlorophyll and environments such as bathymetry, water quality parameters absorption coefficients), while then scattering and attenuation (e.g., absorption and clarity)j and bottom albedo can be derived of incident light by the water complicates retrievals of bottom just from passive hyperspectral data as long as the data have an depth and albedo. However, near-shore waters are important adequate signal-to-noise ratio and the water column is well for our quality of life, and at the same time, near-shore mixed. However, it is not known yet how this technique would environments are under continuous stress due to human perform for spectral images of a more complicated activities and natural events. Methods and techniques are environmenL needed to monitor the properties of near-shore waters as well In this study, using Airborne Visible Infrared Imaging as the condition of benthic ecosystems such as seagrass beds.
Spectrometer (AVIRIS) data over the Tampa Bay (Florida) In the earlier coastal studies, bottom depth and albedo estuary, we show that the model-driven optimization technique retrievals from satellite images required many assumptions to [Lee et al., 1999] can be applied to spectral images of shallow be made [e.g., Clark et al., 1987; Lyzenga, 1985; Zhang et al., and turbid coastal waters to adequately retrieve underwater 1999] or ancillary ground truth data. These procedures may be information without a priori knowledge of the optical appropriate for a given study location, but they often are not properties of the water column or bottom reflectivity or depth. Low-altitude AVlRIS data over Tampa Bay (Florida) were collected from a Twin-Otter aircraft flying at 3810 m altitude on November 18, 1998, at 1200 local time. Figure 1 shows the study area. The AVlRIS radiance calibration and atmospheric correction were performed vicariously using the method of Carder et al. [1993a] , which consisted of comparing modeled upwelling radiance at the aircraft altitude to AVIRIS data at a relatively uniform site (-5 km away from this image) where the water-leaving radiance was measured. Briefly, the atmospheric radiance was calculated by MODTRAN4 at the A VIRIS altitude using a midlatitude winter model with a maritime extinction aerosol type. By adjusting visibility of the model to match the total A V IRIS radiance at 807 nm the modeled atmospheric radiance was finalized for the vicarious calibration site. We then initially assumed the aerosols to be horizontally homogeneous in their properties for the entire AVIRIS transect. For this low-altitude AVIRIS data, typically, we observed water leaving radiance values of-30% of the total sensor signal at 550 nm. After atmospheric correction, the ratio of the calculated water-leaving radiance to MODTRAN4-calculated downwelling total irradiance at the surface provided initial remote-sensing reflectance R•s(• ) curves. To overcome effects of nonhomogeneity in aerosol properties and errore in atmospheric correction, a first-order adjustment to the above From Figure 1 it is easy to imagine that the study area is very complicated, with distinct patterns from left to right. However, without further analysis, it is difficult to tell what causes the spatial variation since it may result from changes in bottom depth (deep versus shallow), bottom substrate (sand versus seagrass), and/or water turbidity. Traditional approaches typically avoid regions like this because of a lack of knowledge of the water column contributions, the attenuation coefficients, and bottom albedos. We apply here a newly developed shallow-water inversion scheme [Lee et al., 1999 ] to this complicated environment. The white horizontal line in Figure 1 indicates the route of a bathymetric survey, from which the measured bottom depths were used for comparison with AVIRIS derived depths. The white vertical line in Figure 1 is selected to show the bottom influence on empirical retrieval of chlorophyll a concentrations. [Lyzenga, 1985; Philpot, 1989 ]. All of these methods require knowledge of a few actual depths or accurate attenuation values. This suggests that ff neither of those conditions is met, bottom depth cannot be accurately derived.
To be able to derive properties of shallow-water environments routinely, it is desired to simultaneously derive bottom depth and albedo and the optical properties of the water 
where X = bbn(400), which is an effective particle effects of phase function on scattering angle. Y is the spectral shape parameter of particle backscattering. A value of 0.5 is used for all the pixels of this study, consistent with more turbid Rrs(550) < 0.01 and Rrs(710)/Rrs(670) > 1.2, spectral shape of p• is used; otherwise, spectral shape of P•nO is used.
After the above empirical/semianalytical models are assembled, (8) becomes
Rrs (•)= F(aw( • ),bbw(• ),P,G,X,B,H)
..Rrs (Ja ) = F(aw (Ja ),bbw(J,2 ),P,G,X,B,H) (13) . Rrs ()l n )= F(aw(A n ),bbw 01 n ),P,G,X,B,H).
There are only five variables for (13): P, G, X, B, and H. These five variables uniquely influence the grs(•) spec• which avoids the possibility of a singularity arising from (13), unless the data are very noisy.
The final question now is how to mathematically derive the five tinknowns from known Rr•00 spectrum. Theoretically, we only need five independent channels to solve for five tinknowns. However, (13) is neither 100% accurate nor 100% complete in modeling the remote-sensing reflectance spectra of real environments, even if we have perfect sensors and atmospheric corrections. For example, it lacks terms for fluorescence of pigments, fluorescence of colored dissolved organic matter, and Raman scattering. Also, the empirical, biooptical models used are not guaranteed to perfectly match the waters under study. All of these missing components are present, though mostly small, in the measured data, and distributed unevenly across the spectrum. Also, the wavelength of maximum bottom contribution depends on the wavelength of maximum transparency, which varies as a function of absorption and scattering. Since the values of absorption and scattering vary from place to place, it is hard to know a priori which wavelength contains the maximum bottom contribution. Figure 3 shows examples of measured remote-sensing reflectance, where one spectrum has maximum reflectance -480 nm and another has -570 nm. Thus it is difficult to determine the best five channels to be used for the derivation.
Taking all of the above uncertainties into consideration, it is a practical and reasonable idea to apply all the useable channels for the derivation of the five tinknowns by means of an optimization scheme.
A computer program has been developed for the optimization used in the inversion. This optimization is effectively a predictor-corrector, model-inversion scheme, achieved by adjusting the values of P, G, X, B, andH in (13) 
